ABSTRACT The genetic and geographical variation, gene ßow, and the historical biogeography of the eastern lubber grasshopper, Romalea microptera (ϭguttata) (Houttuyn), were examined by sequencing a 420-bp region of the mitochondrial cytochrome b gene. Individuals (168) were collected from 12 sites in the southern United States that covered most of the range reported for this species. These populations contained 49 mitochondrial DNA haplotypes. A high level of genetic diversity was observed in these populations (3.8%), most of which was due to variation within populations. The highest genetic variation was found in a northern Florida population (collected at St. Marks, FL), and the lowest was found in a southern Florida population (Copeland, FL). Estimates of historical and current population sizes suggest that most of the lubber populations drastically declined in size at some point in the past. In contrast to previous studies on several other species in this region, phylogenetic analyses (PAUP) and haplotype age phylogenies (PHYLIP) showed no major geographic structure. These observations suggest that the distribution of this species in the past may have been homogeneous, rather than the patchy distribution that is currently observed. Alternatively, this result may reßect the absence of long-term barriers for the dispersal of this species. Either of these might have contributed to the lack of a genetic structure divided geographically into east-west groupings that is seen in other species from this region.
THE GEOGRAPHIC RANGE AND the genetic population structure of a species are determined by a combination of current and historical factors (Cox and Moore 1980) . If these factors can be described and their effects distinguished, it may be possible to construct a detailed evolutionary history of a species. However, it is often difÞcult to distinguish the individual importance of each factor that has played a role in determining the current distribution of a species, because these factors have considerable overlap in their effects on species distribution (Myers and Giller 1990) . In addition, the relative importance of historical versus current factors is inßuenced by the dispersal ability of the species. The population structure of a species with restricted dispersal ability is determined mostly by historical factors, because there is limited gene ßow between populations (Bermingham and Avise 1986) . These species tend to show a more heterogeneous genetic structure that contains population subdivisions across their range (Rhodes et al. 1996 ). In contrast, species with high dispersal ability have higher rates of gene ßow between populations, resulting in a more homogeneous genetic structure across their range. Therefore, species with lower mobility are considered to be more suitable as candidates for historical biogeographic studies.
The Pleistocene glacial cycles were a major historical factor that determined the contemporary distribution of North American organisms (Reeb and Avise 1990) . Although the glaciers never advanced beyond the middle latitudes of the United States, the climatic ßuctuations associated with these events had considerable effects upon the biota throughout the southern United States (Williams et al. 1993) . This seems to have been particularly true for temperate species. During the periods of glaciation, the range of these species would have been pushed into the southern region of the United States and onto areas of the continental shelf exposed by the lower sea levels. During interglacial periods, temperate species would have expanded their range to the north and retreated from the continental shelf as the sea level rose (Nilsson 1983) . Changes in temperature and precipitation that accompanied the glacial cycles would have further inßuenced the genetic structure of populations by changing the distribution of suitable habitats.
One way to investigate the effect of historical events on the genetic structure of species is to examine the geographic distribution of mitochondrial DNA (mtDNA) lineages. Mitochondrial DNA has proven to be particularly useful for population studies because it undergoes no recombination, is maternally inherited, and has a simple sequence organization (Harrison 1989) . In some studies, it has been shown that mtDNA haplotypes (unique mtDNA sequences) are often geographically localized within the range of species (Avise et al. 1979 , Lansman et al. 1983 , Phillips 1994 . This makes it possible to relate the geographic position in a gene tree (Avise et al. 1987) , providing information on the evolutionary history of a species and the dispersal of its lineages (Avise and Nelson 1989) . Such intraspeciÞc phylogeographic studies have been done in a variety of animals, including many insect species (Zehnder et al. 1992 , Vogler and DeSalle 1993 , Costa and Ross 1994 , Nurnberger and Harrison 1995 , Juan et al. 1996 .
The eastern lubber grasshopper, Romalea microptera (Houttuyn), can be found from east Texas to the tip of the Florida peninsula, and as far north as central North Carolina and Arkansas ( Fig. 1 ; Grant 1959, 1961 ; however, see our comments about the current distribution of this species below). This ßight-less species is very limited in its dispersal ability and shows a patchy distribution across its range. The distribution range of this temperate species suggests that it would have been severely affected by the climate changes during the Pleistocene (Johannesen and Loeschke 1996) . Hence, R. microptera would seem to be an ideal species for studying the effects of these events on the genetic structure of a low-mobility species.
In this study, we determined the degree of genetic differentiation across the range of R. microptera and compared these results with the patterns observed in several other species in the same region. In addition, the results were analyzed to determine whether R. microptera used northern Florida (between St. Marks and Pensacola) as a refuge area during glacial maxima. It has been suggested that other animal species, including some insects, used this area as a refuge during these periods (Neill 1957) . This is the Þrst study in which these questions have been investigated at the molecular level for this species. Several species, including mammals, Þsh, and insects exhibited congruent patterns of genetic differentiation in the southern United States (i.e., eastern versus western clade separation; Bermingham and Avise 1986 , Vogler and DeSalle 1993 , Ellsworth et al. 1994 . Because of its low mobility and current distribution, we anticipated that R. microptera would have a pattern of genetic subdivision similar to that observed in other species located in the same region. We failed to detect such a distribution, suggesting either that barriers for the dispersal of this species were not present or that the past distribution of this species was more homogeneous than currently observed.
Materials and Methods
Eastern lubber grasshoppers were collected from 12 different sites across its range during the summers of 1995Ð1998 (Fig. 1) . As an attempt to avoid collecting (Rehn and Grant 1959) . As indicated in the Materials and Methods, we failed to Þnd specimens in North and South Carolina (NC and SC). Numbers on the map indicate the collection sites. The haplotypes found at each collection site and their frequencies in parentheses are indicated in the table at the bottom. Collection site locations and their abbreviation used here and elsewhere are as follows: 1) HNT, Huntsville, TX; 2) ARK, Bluff City, AR; 3) NAT, Natchitoches, LA; 4) LAF, Lafayette, LA; 5) MIS, Pascagoula, MS; 6) PEN, Pensacola, FL; 7) STM, St. Marks, FL; 8) COP, Copeland, FL; 9) SHK, Shark Valley, FL; 10) FLC, Florida City, FL; 11) ATH, Athens, GA; and 12) ALA, Gadsten, AL.
specimens from the same egg pod, the distribution site was divided into grids, and the samples were collected randomly from the area. We failed to obtain specimens from either North or South Carolina, despite several collecting trips to locations mentioned in the literature and appeals to colleagues in the area. Thus, the current range of the eastern lubber grasshopper does not seem to include many if any of the regions in these two states. The number of specimens from each population and their locations are given in Fig. 1 . Some specimens were maintained in separate cages in the laboratory and fed with lettuce and oatmeal until analyzed. Other individuals were preserved at Ϫ80ЊC until analysis. Two grasshopper species, Taeniopoda eques (Burmeister) from Tucson, AZ, and Taeniopoda tamaulipensis (Rehn) from Victoria, Tamaulipas, Mexico, which are closely related to R. microptera in their morphology (Rehn and Grant 1959) , were used as outgroups.
mtDNA was isolated using the alkaline-lysis method described in Tamura and Aotsuka (1988) . The use of tissue rich in mtDNA relative to nuclear DNA is preferred for the extraction of mtDNA. Therefore, hind leg muscle from adults was homogenized with buffer A (0.25 M sucrose, 10 mM EDTA, and 30 mM Tris-HCl, pH 7.5) and centrifuged (2,000, 5,000, and 12,000 rpm). The pellet from the last centrifugation step was resuspended in buffer B (0.15 M NaCl, 10 mM EDTA, and 10 mM Tris, pH 8.0) and the mtDNA puriÞed by extracting twice with phenol-chloroform and precipitating with ethanol. After puriÞcation, samples were checked using a 1% agarose gel in Tris borate-EDTA buffer (0.045 M Tris-borate, pH 8.0, and 0.001 M EDTA) to ensure that we successfully isolated mtDNA.
A 420-bp region of the cytochrome b (cty b) gene was ampliÞed by polymerase chain reaction (PCR) (each 100-l reaction volume contained 10 l of 10ϫ PCR buffer, 200 M dNTP, 10 M of each primer, 2.5 mM MgCl 2 , and 2 U of Taq polymerase [catalog no. D-1806, Sigma, St. Louis, MO]), and 2 l of mtDNA extract for 30 cycles (denaturation, 92ЊC for 45 s; annealing, 52ЊC for 1 min; and primer extension, 72ЊC for 1 min) with a thermal cycler (Gene Amp PCR System 2400, Applied Biosciences, Foster City, CA). The following primer set was used for the PCR ampliÞcations in our study: CBJ (5Ј primer) TAT GTA CTA CCA TGA GGA ACA AAT AT and CBN (3Ј primer) AAT ACA CCT CCT AAT TTA TTA GGA AT (Operon, Alameda, CA). This primer set has been used previously to amplify a region of the cty b gene in a variety of insect species (Simon et al. 1994) . The PCR samples were run on agarose gels (1%) to determine whether the desired part (a 420-bp region ßanked by the above-mentioned primers) of the cyt b gene had been ampliÞed, and whether there were multiple bands due to either heteroplasmy or possible contamination with pseudogenes. The PCR products were then cleaned (Gene Clean II, Bio 101, La Jolla, CA) and sequenced using dye-termination cycle sequencing (Sanger et al. 1977) . Brießy, each sample was ampliÞed by PCR (25 cycles of 96ЊC for 10 s, 50ЊC for 5 s, and 60ЊC for 4 min) by using ddNTPs labeled with different ßuorescent dyes (Applied Biosystems). The products were analyzed with an ABI 310 DNA sequencer (Applied Biosystems) by using the protocol suggested by the manufacturer. Both strands of each sample were sequenced to minimize PCR artifacts, ambiguities, and base-calling errors.
Sequences were aligned using a pairwise similarity measurement (Mac Vector, version 4.0, IBI, Symantec Corp., CT). Distances for pairwise comparisons of haplotypes were calculated using the Kimura twoparameter model (Kimura 1980 ). An AMOVA analysis (Arlequin program, version 1.1; Schneider et al. 1997) was used to determine the distribution of genetic variation at different hierarchical levels over the range of the species. The F st values generated by the AMOVA analysis allowed the genetic distances between pairs of populations to be determined. These distances were then used in a hierarchical analysis of population differentiation (ExcofÞer et al. 1992) . The ⌽ statistics yielded by AMOVA were tested for signiÞcance using 1000 random permutations.
The Holsinger and Mason-Gamer (1996) method (H&M-G) was used to estimate the geographic distribution pattern of genetic variation as well as the genetic diversity within each population. The results of this analysis were used to create a dendrogram depicting the pattern of genetic differentiation among populations. This method provided a detailed description of the hierarchical relationship between the populations and an estimate of the genetic differentiation (ĝ st ) for each node on the dendrogram.
The sequences were then transferred to PAUP, version 3.01 (Swofford 1990 ) to determine the percentage of sequence divergence both within and between populations by using pairwise comparisons of the haplotypes. The evolutionary relationships of the haplotypes were estimated using maximum parsimony analysis. The homologous sequences of T. eques and T. tamaulipensis were used as outgroups to detect any geographic polarity. In addition to the unweighted parsimonious analysis, we performed different weighting trials (transversion versus transition; 2:1, 5:1, and 10:1). The bootstrap method was applied with 500 replications. Computational limitations restricted the use of bootstrapping option to unweighted parsimony searches. We also constructed a median network analysis to estimate the evolutionary relationship among haplotypes (Bandelt et al. 1995 (Bandelt et al. , 1999 (Bandelt et al. , 2000 . The data were then transferred to PHYLIP (PHYLIP 3.5c; Felsenstein 1993 ) to obtain a maximum likelihood-based unrooted haplotype tree by using DNAMLK (DNA Maximum Likelihood Method). This search was repeated three times (conÞdence trials; 1, 101, 1001) with 20 randomly entered haplotypes. After each run with different seed numbers, the logs of likelihood values for each trial were compared as suggested by Felsenstein (1993) . The genealogy obtained from DNAMLK was compared with the PAUP tree. 
Results
Nucleotide Diversity. A 420-bp region of the mitochondrial cytochrome b gene was analyzed in 168 individuals from 12 collection sites. Forty-nine unique mitochondrial DNA sequences (haplotypes) were identiÞed (Table 1) . These contained 51 substitution sites, of which 13 sites (Ϸ25%) showed transversion substitutions, 33 sites (Ϸ65%) showed transition substitutions, and Þve sites (Ϸ10%) showed parallel mutations. No additions or deletions were observed in this region when it was compared with the homologous region in other insect species (Crozier and Crozier 1993 , Jermiin and Crozier 1994 , Flook et al. 1995 . In T. eques, there were three haplotypes out of 11 individuals sequenced and in T. tamaluipensis, there were two haplotypes out of Þve individuals. The most common mtDNA sequences of R. microptera (H-1) and of the two outgroup species used in this study, T. eques (TEQ-A) and T. tamaulipensis (TAM-1), have been submitted to GenBank (accession numbers AF 138855, AF 138856, and AF 138857, respectively).
Nucleotide diversity for each population was calculated from the average pairwise differences between each sequence (Nei 1987) . Among 1,126 pairwise comparisons, 33 cases showed the least possible divergence estimate (0.2% or one base pair difference). The largest sequence divergence was 3.8% between haplotype 9 (H-9, from STM) and H-15 (from Pensacola [PEN] ). When the sequence divergence was analyzed by population, the lowest intrapopulation sequence divergence was 0.5% and the highest was 2.9% for the Copeland (COP) and the St. MarkÕs (STM) populations, respectively.
Although seven (14%) of the 49 haplotypes were shared among populations, most (42 or 86%) were singletons (found only in one population). The most common shared haplotype (H-1) was found in 16 individuals in seven populations (Fig. 1) . The second most common was H-28, found in six individuals in four populations. The third most common (H-42) was found in eight individuals in three populations. Most of these individuals (six of eight) in H-42 were clustered in one location (COP).
Analysis of Geographic Structure of R. microptera. The data were analyzed using the AMOVA analysis (Arlequin, version 1.1; Schneider et al. 1997 ) to investigate population subdivisions. For this analysis, the lubber populations were grouped in several alternative geographic groups to reveal geographic clustering of genetic differentiation (Table 2) . In each trial, the total genetic variation was separated into three components. These components were the genetic variation found 1) between geographical groups, 2) among populations in each group, and 3) within each population. These trials showed that estimates of genetic variation between geographical groups were not signiÞcant (P Յ 0.106) ( Table 2 ). This could reßect the small number of populations sampled, or the high rates of historical and/or ongoing gene ßow. In contrast, estimates of genetic variation found in the other two components (among populations in each group, and within each population) were signiÞcant in all of the geographical groupings tested. Indeed, the variance calculated for the second component (among populations in each group) was signiÞcantly higher (P Յ 0.001) than those for Þrst component (between geographical groups), indicating that the populations within each group are not homogeneous. Overall, these trials revealed that most of the genetic variation observed in lubber grasshoppers was due to the variance component within each population. Hence, it seems that each population developed its own genetic variation.
The geographic structure and genetic differentiation of the R. microptera populations were also determined using the H&M-G (Holsinger and Mason- Gamer 1996) method. The H&M-G analysis did not show any major geographic structure for these populations. However, considerable genetic differentiation was observed across the range of the species, and each population was signiÞcantly different from each other (Fig. 2) . For example, a hierarchical analysis of these populations revealed that the Florida City (FLC) population was most closely related to the PEN population and was signiÞcantly different (P Յ 0.001) from the other 11 populations grouped together. Likewise, the STM population had the largest genetic differentiation value of the 12 populations (ĝ st ϭ 0.100) and was also signiÞcantly (P Յ 0.001) different from all of the other populations grouped together. The H&M-G method was also used to estimate the local genetic diversity of each population. The STM population had the largest local genetic diversity (0.093) followed by the PEN population (0.0084). The COP population had the lowest local genetic diversity (0.0039). Overall, the results from the H&M-G analysis indicate that each of the populations is signiÞ-cantly different from the other populations, suggesting that each has been isolated for sufÞcient time to become genetically distinct. Phylogeographic Analysis. Haplotype trees were created using maximum parsimony (with PAUP) and maximum likelihood (with PHYLIP) analyses. The genealogies were then used to examine the phylogeographic relationships of the haplotypes. The haplotype trees obtained with PAUP were rooted with two outgroups, T. eques and T. tamaulipensis, whereas the tree obtained with PHYLIP was unrooted. Because the unweighted and the weighted haplotype trees obtained from PAUP had the same topologies, only the unweighted tree is shown (Fig. 3) .
The PAUP genealogy did not resolve the relationships between most R. microptera haplotypes due to polytomies (Fig. 3) . Furthermore, most of the small haplotype clusters within the large polytomic clade included haplotypes from geographically distant populations. Thus, there was no evidence for strong geographical clustering in the PAUP trees.
The evolutionary relationship of the haplotypes was further analyzed using their estimated ages that were calculated by DNAMLK (a subprogram in PHYLIP) (Fig. 4) . H-9 was in the most basal position in this genealogy, suggesting that it was the most ancient haplotype. H-43 and H-44 were the youngest haplo- Fig. 2 . Dendrogram depicting the hierarchical relationship between populations of R. microptera. The number following the population abbreviation (see Fig. 1 ) is the estimated amount of within population diversity for that population. At each node, the genetic differentiation between that population and the group of populations on the hierarchy, ĝ st , is given with the probability of the genetic differentiation at that node. types, based on branch length and their rank order within the hierarchy. The haplotypes seem to be divided into two distinct clades based on their estimated ages. The smaller clade contained H-5 and H-6 from the STM population. Likewise, H-7 and H-48 from the STM and ALA populations, respectively were monophyletic within this clade. In the larger clade, two distinct subclades were detected with small amounts of internal structure. Although the PHYLIP analysis, like the PAUP analysis, did place some haplotypes from the same geographic locations together, the PHYLIP analysis showed little correlation between geographic location and haplotype clusters according to their ages.
Finally, we used a median network analysis to investigate possible relationships between the R. microptera haplotypes. The result of this analysis is shown in Fig. 5 . The resulting network was complicated, reßecting the total number of haplotypes being analyzed. In addition, parallel and back mutations may have increased the complexity of the network. The network analysis indicates that the two most widespread haplotypes (H-1 and H-28) were directly or indirectly the founders of most other haplotypes (Fig. 5) . However, the results of the network analysis were similar to those obtained from PAUP. No significant clade structure was detected based on the geographic origins of the haplotypes.
Estimates of Historical and Current Population Sizes. Estimates of s (the current population size) and k (the historical population size) were calculated using Arlequin (version 1.30) for the 12 populations (Table 3) . These values can be used to infer changes in the size of each population over time (Ewens 1972 , Waterson 1975 . In the analysis shown, the populations were divided into two groups based on their geographic location. Other groupings gave similar results. (STM and FLC) showed an increase in their population size (Table 3) .
Gene Flow and Dispersal. Because gene ßow is an important force shaping the genetic structure of populations, estimates of gene ßow are important for understanding the dispersal of a species over its range (Chenoweth et al. 1998) . The gene ßow between the R. microptera populations was estimated using Arlequin (Table 4 ). The lowest estimated gene ßow (Nm ϭ 0.355) was obtained between the populations in FLC and ATH. The highest estimated gene ßow (Nm ϭ 3.022) was obtained between the populations in ALA and ARK. For some populations, there was a clear correlation between geographic distance and gene ßow. For example, the three populations in southern Florida form an approximate straight line, with the maximum distance (COP to FLC) Ϸ100 miles. The Shark Valley, FL (SHK) population is near the midpoint between the other two populations. The estimated rate of gene ßow parallels this relationship. The gene ßow between FLC and COP was estimated as Nm ϭ 0.550, whereas the gene ßow between COP and SHK was Nm ϭ 0.854 and between FLC and SHK was Nm ϭ 0.913. However, the relationship between distance and gene ßow was less clear for populations that are more geographically distant. For example, the estimated gene ßow between the HNT and the MIS populations was 1.889. However, the estimated gene ßow between the HNT and the COP was Nm ϭ 2.053, Fig. 4 . Haplotype genealogy of eastern lubber grasshopper haplotypes generated using their estimated ages. The age of each haplotype is indicated by the branch length to the Þrst coalescing node. The haplotype with an asterisk is the oldest haplotype. Estimates of age were made with the PHYLIP program using the DNAMLK subprogram. See Fig. 1 for the location of each haplotype. although these two populations are geographically much more distant (Table 4) .
We also estimated the genetic differentiation (F st ) and the coefÞcients of coancestry (D) between speciÞc pairs of populations by using the Arlequin program. As shown in Table 4 , estimates of F st ranged from 0.141 to 0.584, and estimates of D ranged from 0.153 to 0.877 (where D ϭ 0 is identical shared ancestry). The results indicated that all pairwise estimates were signiÞcant. The genetic distances between these population pairs did not show any relationship to geographic location. For example, the F st estimate between the Lafayette, LA (LAF), Natchitoches, LA (NAT), and the HNT populations was 0.442, whereas the F st estimate between the FLC and the HNT populations was 0.439. In summary, the results of this analysis indicated a signiÞcant and high amount of genetic differentiation in most of the R. microptera populations but no strong correlation between genetic differentiation and geographic distance.
Discussion
In the past decade, there has been a rapid development in new molecular techniques and approaches for analyzing the population structure of a species. These can be used to directly measure the genetic divergence between populations of a species. Genetic diversity has been previously estimated in a variety of insect species, with values ranging from 2.0 to 11.1% for Glossina morsitans (Westwood) (Trick and Dover 1984) , from 0.17 to 1.2% for Schzaphis graminum (Rondani) (Powers et al. 1989) , and from 0.18 to 0.92% for Melanoplus sanguinipes (F.) (Chapco et al. 1992) . In this study, we found that the genetic diversity of R. microptera ranged from 0.2 to 2.9% within individual populations, and from 0.2 to 3.8% over the entire range of the species. This level of genetic diversity is similar that observed in the cytochrome b gene of other insects. In the oak gallwasp, Andricus quercustozae (Bose), the genetic diversity of the cytochrome b gene between different populations ranged from 0.2 to 4.2% (Rokas et al. 2003) . Likewise, the marble gallwasp, Andricus kollari (Hartig), had sequence diversity between 2.8 and 3.8% in the cytochrome b gene between its lineages (Stone et al. 2001) . Thus, the genetic diversity of the eastern lubber grasshopper seems to be in line with that observed in other insect species. Most populations of R. microptera showed high haplotype diversity, and the number of private haplotypes was higher than the number of shared haplotypes in most of the populations. It has been previously observed that more alleles are maintained in species with multiple populations than in species with a single large population (Maruyama 1970) . Therefore, the high haplotype diversity of the lubber grasshopper may result from its patchy distribution, a characteristic of this species that we encountered while collecting the specimens. Our analysis suggests that most of the populations we studied were larger in the past (see below). The decrease in population size may have been in response to changing environmental conditions. This, combined with the limited dispersal ability of this species, would probably have caused populations to become more fragmented, resulting in the patchy distribution seen today across most of the range of this species.
Another result of this isolation and the limited dispersal ability of the lubber grasshopper would have been the development of private haplotypes as new mutations arose in the isolated populations. Indeed, the estimates of the current and historical population sizes indicate that nine of the 12 populations that we studied have had population declines (Table 3) . In most cases, the current population size seems to be less than one-half of the maximum size in the past (e.g., the HNT and SHK population). However, some populations seem to have had less drastic declines, and the STM population may have had a small increase in size ( s ϭ 4.361 and k ϭ 3.720). These estimates probably do not adequately reßect the magnitude of changes in population size. Indeed, Þeld observations indicate that lubber grasshopper populations can show drastic declines in size (Ͼ99.9%) over short periods of time (Lamb et al. 1999) . Populations that repeatedly ßuc-tuate in size will have close estimates of s and k because the effective size of such populations would be equal to the harmonic mean of the population size (Nei 1987) .
In some previous studies, the number of mtDNA haplotypes found in a population or a species has been shown to depend on the sample size and the amount of sequence surveyed (Neigel and Avise 1993) . However, we failed to detect such a relationship in this study. The number of individuals from each population that we analyzed in this study varied from a maximum of 32 (COP) to a minimum of nine (HNT). The sample sizes of the remaining populations varied from 10 and 18. The number of haplotypes in these populations ranged from four to seven, with six haplotypes in the COP population and Þve haplotypes in the HNT population. Overall, the correlation between sample size and number of haplotypes (R 2 ϭ 0.120) was poor. Of the 12 locations examined, the COP population had the lowest number of private haplotypes. The relatively low number of haplotypes found in the COP population could reßect the inadvertent collection of multiple individuals from a few egg pods. However, the sampling area at this site extended over Ͼ2 miles. Given the limited dispersal ability of this species, it seems unlikely that this result reßects a sampling artifact. Alternatively, this population may have had frequent population crash(es) in the recent past. A catastrophic drop in population size could result from habitat ßooding, wildÞres, or parasitic infections (Lamb et al. 1999) and cause the random loss of haplotypes. Such bottleneck effects (caused by disease, parasitism, predation, or natural disasters) have been used to explain the low levels of mtDNA haplotypes in other insect species (Wilson et al. 1985) .
Was Northern Florida a Refugium for R. guttata. The northwestern area of Florida is well known for the diversity of its endemic plant and animal species. It contains isolated populations of many temperate species that moved to northern Florida during the ice ages to escape the cooling effects of this event. Among the groups of animals that seem to have used northern Florida as a refugium during this period are many insects (Neill 1957) . Furthermore, the Apalachicola region seems to be an important zone separating the eastern and western clades of many unrelated taxa that show a continuous range in the southern United States (Avise et al. 1987) . It has been suggested that this pattern resulted from the presence of a barrier in the Apalachicola area that may have affected the eastwest movement of species, thereby allowing the genetic differentiation of these populations. This barrier may have been due the broadening of the Apalachicola River due to the elevated sea level during the interglacial cycles (Neill 1957) .
Similar to these previous studies, we observed the highest levels of local genetic diversity in the STM and PEN populations (Fig. 2) , two populations in northern Florida that are separated by the Apalachicola River. These observations are consistent with the hypothesis that the geologic history of the Apalachicola region may have played an important role in maintaining the high genetic diversity of these populations. Furthermore, the presence of the most divergent (presumably the oldest) haplotype (H-9) in the STM population suggests that northern Florida may have been a refugium for the eastern lubber grasshopper as well. However, the distribution of the genetic diversity of R. microptera does not Þt the refugium model very well. In other species it has been observed that the highest genetic diversity is observed near the refugium and less genetic diversity is observed in populations more distant from this center (Chapco 1997) . The position of H-9 in the haplotype network (Fig. 5) , and in the PAUP tree (Fig. 3 ), does not demonstrate such a relationship. In all trials of the PAUP analysis H-9 was placed between the two outgroup haplotypes.
Thus, it seems more likely that H-9 is a retained ancestral polymorphism in the mtDNA lineage and that it is older than the separation of this species from its ancestral stock. In the haplotype network, a haplotype with an internal position gives rise to more intermediately aged or younger haplotypes (Templeton 1992) . Therefore, neither the haplotype network nor the PAUP tree for this species supports the refuge hypothesis.
Gene Flow and Dispersal. The genetic structure of most species seems to be governed by several components, including the dispersal ability of the species (Korman et al. 1993) . R. microptera is a ßightless, aggregative species and seems to move only 50 Ð100 m during its lifetime (D. Whitman, personal communication). The low mobility of this species would strongly limit the rate of gene ßow between populations and affect its genetic structure. Due to this low mobility, we anticipated that gene ßow and genetic differentiation among populations would be partitioned as a function of geographic distance. Indeed, the analysis of our data by AMOVA indicates that the genetic diversity of this species was mostly attributable to variation within each collection site (Table 2) . This is consistent with the eastern lubber grasshopper being a low-mobility species.
Nevertheless, the large-scale distribution of some haplotypes suggests that there has been a recent, longdistance dispersal event(s), contrary to the expectations for a low-mobility species (Phillips 1994) . Furthermore, the estimates of gene ßow rates between some geographically distant populations were unusually high. It seems likely that some haplotypes were missed in locations between the populations that we sampled. Likewise, the observed haplotypes might be extinct in the intermediate populations. Thus, estimates of gene ßow between geographically distant populations that cannot be explained by the mobility of this species may reßect the error inherent in any large-scale sampling study. Alternatively, the high levels of gene ßow observed in this study may reßect historical gene ßow rather than ongoing gene ßow between the current populations of eastern lubber grasshoppers, because historical and current gene ßow cannot be distinguished with available methods.
Extinction and recolonization events may also be responsible for some of the high gene ßow estimates.
In an extinction-colonization study of a milkweed beetle species, Tetraopes tetraophthalmus (Fö rster), the extinction rate for haplotypes was estimated to be 0.02 per generation. This rate could either double or halve the F st estimate, depending upon the migration pattern (McCauley and Eanes 1987) . For example, if migration rates and local extinction rates are high, the apparent change in genetic variance within each population would increase (Slatkin 1987) . This could also create phylogenetic tree topologies unrelated to geography. Thus, the absence of a strong correlation between the topology of the PAUP tree and the geographical distribution of R. microptera may reßect the extinction and recolonization events in the history of this species. Finally, it has been argued that mobility and rate of gene ßow are not always correlated (Daly 1989) . Phillips (1994) showed that the high levels of gene ßow occurring between populations of a sedentary species, the spotted salamander, Ambystoma maculatum, could not be explained by the dispersal ability of this species. He attributed these results to stochastic sorting of ancestral polymorphism.
Contemporary and Historical Phylogeographic Structure. Previous studies of species in southeastern United States have revealed a high level of genetic differentiation with major geographic clustering of mtDNA haplotypes into eastern and western clades. These congruent phylogenetic patterns among diverse animal groups have been interpreted as the result of common historical factors that affected the distribution of these species (Avise et al. 1979, Vogler and DeSalle 1993) . However, this general pattern has not been observed in all species examined in this region. For example, there was no geographic structure for the haplotypes of the tobacco budworm, Heliothis virescens (F.), which inhabits nearly the same area as these other species (Roehrdanz et al. 1994) . The lack of geographic structure for the haplotypes of this insect might be anticipated given the migratory nature of this species.
Because the eastern lubber grasshopper currently has limited vagility and a patchy distribution, we anticipated that this species would show low diversity within patches, and larger geographic patterns of genetic differentiation, similar to the patterns observed in many other species from this area. Although we found a high level of mtDNA variability in this species, most of this variability was attributable to the individual populations (Table 4 ; Fig. 2 ). Furthermore, no major geographic clustering of haplotypes was observed in this species over its range in the southern United States.
In this study, haplotype genealogy obtained from the PAUP analyses did not resolve the evolutionary relationships between most R. microptera haplotypes. However, the polytomic structure of the PAUP tree that includes most of the R. microptera haplotypes may indicate the historical events that have left their imprint on the genetic structure of populations. The application of a mitochondrial DNA molecular clock is controversial, and its calibration requires a known vicariant event in the region or a fossil record (Rand 1994) , neither of which is available for the Orthoptera of North America. However, a conventional mtDNA clock calibration (2% sequence divergence per million years between pairs of lineages) has been used for other insect species, including Hawaiian Drosophila, Heliconius erato, L., Salganea species group, and A. kollari (DeSalle et al. 1987 , Brower 1994 , Maekawa et al. 1999 , Stone et al. 2001 . Using the 2% sequence divergence/MY yields an estimated divergence time of 2 MYA for the separation of haplotype 9 from T. eques. Because mtDNA lineage separation can predate species or population separation (Avise 1992) , it is likely that haplotype 9 diverged before the speciation of R. microptera. The same estimation procedure would give a divergence time of 1.5Ð1.9 MYA for the polytomous node of the haplotype tree.
The glacial and interglacial cycles of the Pleistocene and associated climatic and geologic changes greatly affected the distribution of many animal species in the southern United States. As a result, many species were subdivided over their range. The exact causes (habitat fragmentation, changes in temperature and the relative humidity, or the other related factors) of population subdivision in R. microptera are not known. However, these factors have been shown to affect other species during the Pleistocene (Templeton et al. 1990) , so it seems likely that these factors also affected the genetic population structure of R. microptera. Nevertheless, the mtDNA haplotypes of the eastern lubber grasshopper showed an unstructured geographic distribution. One possible explanation for this situation is that the distribution of this species was homogeneous in the past, rather than patchy. This could have contributed to the absence of a genetic structure divided geographically into the east-west groupings seen in other species from this region. Thus, R. microptera may have dispersed into the southern United States before or during the early Pleistocene. After dispersing across much of its range, this homogeneous population began to subdivide in response to the changing environmental and climatic conditions. The remaining fragments of the population developed their own private haplotypes in isolation. Alternatively, our results could reßect the absence of longterm barriers to the dispersal of this species. Clearly, human intervention can affect dispersal of organisms, and this has the potential to drastically alter the genetic structure of natural populations. Although R. microptera is used widely for student dissections, these are typically alcohol-Þxed specimens. Dispersal might also involve Þshermen, who use this species as live bait. Nevertheless, the existence of private haplotypes in every population studied argues against human-assisted dispersal as the cause of our observations. A more likely mechanism for the occasional long-distance dispersal of this species might involve strong winds such as hurricanes. During historical times (and presumably at times in the past) the hurricane season has peaked in the fall, at a time when adult eastern lubber females have mated and are reproductively active. Thus, the dispersal of a single female would be sufÞcient to found a new, distant population. Furthermore, hurricanes move across the southeastern United States going either westerly (entering from the Atlantic Ocean) or easterly (entering from the Gulf of Mexico), so over time the pattern of these events would be random. Over time, these new populations would develop their own private haplotypes due to their isolation. Such events, even if rare, could result in an unstructured geographic distribution of genetic diversity unlike that observed in most other species in the same region.
